T he hydrology of the Pacific Northwest (PNW) is particularly sensitive to changes in climate because seasonal runoff is dominated by snowmelt from cool season mountain snowpack, and temperature changes impact the balance of precipitation falling as rain and snow. Based on results from 39 global simulations performed for the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR4), PNW temperatures are projected to increase an average of approximately 0.3°C per decade over the 21 st century, while changes in annual mean precipitation are projected to be modest, with a projected increase of 1% by the 2020s and 2% by the 2040s. Based on IPCC AR4 projections, we updated previous studies of implications of climate change on the hydrology of the PNW. In particular, we used results from 20 global climate models (GCMs) and two emissions scenarios from the Special Report on Emissions Scenarios (SRES): A1B and B1. PNW 21 st century hydrology was simulated using the full suite of GCMs and 2 SRES emissions scenarios over Washington, as well as focus regions of the Columbia River basin, the Yakima River basin, and those Puget Sound river basins that supply much of the basin's municipal water supply. Using two hydrological models, we evaluated projected changes in snow water equivalent, seasonal soil moisture and runoff for the entire state and case study watersheds for A1B and B1 SRES emissions scenarios for the 2020s, 2040s, and 2080s. We then evaluated future projected changes in seasonal streamflow in Washington. April 1 snow water equivalent (SWE) is projected to decrease by an average of approximately 27-29% across the State by the 2020s, 37-44% by the 2040s and 53-65% by the 2080s, based on the composite scenarios of B1 and A1B, respectively, which represent average effects of all climate models. In three relatively warm transient watersheds west of the Cascade crest, April 1 SWE is projected to almost completely disappear by the 2080s. By the 2080s, seasonal streamflow timing will shift significantly in both snowmelt dominant and transient, rain-snow mixed watersheds. Annual runoff across the State is projected to increase by 0-2% by the 2020s, 2-3% by the 2040s, and 4-6% by the 2080s; these changes are mainly driven by projected increases in winter precipitation.
Introduction
The Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC) states that warming of Earth's climate is unequivocal and that anthropogenic use of fossil fuels has contributed to increasing carbon dioxide concentrations and thereby warming of the atmosphere (IPCC, 2007) . The hydrology of the Pacific Northwest (PNW -which typically includes the Columbia River basin and watersheds draining to the Oregon and Washington coasts) is particularly sensitive to changes in climate because of the role of mountain snowpack on the region's rivers. In this paper, we utilize archived climate projections from the IPCC AR4 to evaluate impacts on regional hydrology, with focus on Washington, which includes the lower Columbia River basin in the eastern and southern part of the State, as well as coastal drainages, including the Puget Sound basin (Figure 1 ).
Washington is partitioned into two distinct climatic regimes by the Cascade Mountains. The west side of the Cascades on average receives approximately 1,250 mm of precipitation annually, while the east side receives slightly more than one-quarter of this amount. Washington, like much of the western US, relies on cool season precipitation (defined as October through March) and resulting snowpack to sustain warm season streamflows (defined as April through September). Approximately 75% of the annual precipitation in the Cascades falls during the cool season (Snover and Miles, in review) . A changing climate affects the balance of precipitation falling as rain and snow and therefore the timing of streamflow over the course of the year. Figure 2 illustrates simulated historical mean annual runoff over the period 1916-2006 using the Variable Infiltration Capacity hydrologic model (further described below) and shows the importance of the State's mountainous regions with respect to water supply for various natural resources.
Small changes in temperature can strongly affect the balance of precipitation falling as rain and snow, depending on a watershed's location, elevation, and aspect. Washington, and the Pacific Northwest as a whole, is often characterized as having three runoff regimes: snow-melt dominant, rain dominant, and transient (Hamlet and Lettenmaier 2007) . In snowmelt dominant watersheds, much of the winter precipitation is stored in the snowpack, which melts in the spring and early summer resulting in low streamflow in the cool season and peak streamflow in late spring or early summer (May-July). Rain dominant watersheds are typically lower in elevation and mostly on the west side of the Cascades. They receive little snowfall. Streamflow in these watersheds peaks in the cool season, roughly in phase with peak precipitation (usually November through January). Transient watersheds are characterized as mixed rainsnow due to their mid-range elevation. These watersheds receive some snowfall, some of which melts in the cool season and some of which is stored over winter and melts as seasonal temperatures increase. Rivers draining these watersheds typically experience two streamflow peaks: one in winter coinciding with seasonal maximum precipitation, and another in late spring or early summer when water stored in snowpack melts. Hydrographs of simulated average historic streamflow, which are representative of the three watershed types, are shown in Figure 3 . Hydrologic simulations from which these hydrographs were developed are fully described in Section 2.2 below. The Chehalis River, which drains to the Washington coast (Figure 3) , is a characteristic rain dominant watershed, while the Yakima River, which drains to the Columbia River (Figure 3) , is a characteristic transient watershed, and the Columbia River, which drains from mountainous regions in mainly Canada, Idaho, Oregon, and Washington, is a characteristic snowmelt dominant watershed.
Previous studies have presented metrics which can be used to define watershed type. Barnett et al. (2005) suggested a metric which they defined as the ratio of peak snow water equivalent (SWE) to total cool season (October-March) precipitation. SWE is defined as the liquid water content of the snowpack. Barnett et al. (2008) also showed that SWE to precipitation ratios have been declining in the historic record due to observed warming, and that these changes are predominantly related to human influence on the climate. Hamlet and Lettenmaier (2007) characterized the three types of watersheds over the Pacific Northwest by temperature. Snowmelt dominant watersheds have average winter temperatures of less than -6°C., while completely rain dominant watersheds have average temperatures above 5°C. Their analysis explored changes in flood characteristics over basins of varying scale for these watershed categories. Hamlet (2007) and Mantua et al. (2009, this report) also applied the SWE to precipitation ratio metric to the Hydrologic Unit Code (HUC) 4 regions in the PNW as a means to catalogue high-disturbance areas.
In Figure 4 , we show the SWE to precipitation ratio computed for 1/16 th degree grid cells over the PNW. Rain-dominant regions generally have ratios less than 0.1; transient regions are in the range of about 0.1-0.4; and, snowmelt dominant regions generally have ratios greater than 0.4 (see additional figures and discussion in Mantua et al., 2009, this report) . Locations at which the historic streamflow hydrographs shown in Figure 3 were simulated are noted in Figure 4 . Figure 4 shows that the urban water supply systems for the state's major metropolitan areas in the Puget Sound basin and the Yakima area are located in transient regions. As shown in accompanying papers by Vano et al. (2009a; b, this report) , shifts in seasonal streamflow in these regions toward higher winter flow and lower summer flow have strong implications for water management. This paper focuses on hydrologic impacts of climate change and relates those to the three watershed categories discussed above.
Approach and Methods
We applied a range of climate change projections from the IPCC AR4 (IPCC, 2007) to hydrologic model simulations and evaluated the impact of climate change on the hydrology of Washington with additional focus on the Columbia River basin, which is a major source of hydropower energy (Hamlet et al. 2009, this report) , the Yakima River basin (Vano et al. 2009a, this report) , which supports irrigation of high-valued crops such as orchards, and those Puget Sound watersheds that supply water to a majority of the state's population (Vano et al. 2009b, this report) . We performed hydrologic simulations using the Variable Infiltration Capacity (VIC) macroscale hydrology model (Liang et al., 1994; Nijssen et al., 1997) at 1/16 th degree latitude by longitude spatial resolution over the entire state. We also applied the DHSVM, the Distributed Hydrology Soil and Vegetation Model (Wigmosta et al, 1994) , at 150 meter spatial resolution over the Puget Sound watersheds. We used these models to explore sensitivity of runoff to changes in precipitation and temperature over our focus regions. We then evaluated implications of projected changes in snowpack and soil moisture over the same domains. 
Hydrologic Simulations
Studies of the impacts of climate change on regional hydrology are becoming increasingly common (Maurer, 2007; Maurer and Duffy, 2005; Hayhoe et al., 2007; Christensen and Lettenmaier, 2007; Christensen et al., 2004; Payne et al., 2004; Van Rheenen et al., 2004; Miller et al., 2003; among others) . Many of these studies use a scenario approach which evaluates projections of hydrological variables, like streamflow, using a hydrology model forced with downscaled ensembles of projected climate from GCMs. These future climate simulations are then compared with a baseline hydrological simulation using historical climate (see e.g. Christensen and Lettenmaier, 2007; Maurer 2007; Hayhoe et al., 2007; among others) . This approach is sometimes termed "off-line" forcing of a hydrological model, because it does not directly represent feedbacks between the land surface and climate system. An alternative approach, based on regional climate models, represents land-atmosphere feedbacks; however, complications arise due to bias in the climate model simulations (see Wood et al., 2004 for a detailed discussion), and computational requirements which generally preclude the use of multi-model ensemble methods. For this reason, we used the off-line simulation approach.
We used climate change scenarios to force two hydrology models -the VIC Model (Liang et al., 1994; Liang et al., 1996; Nijssen et al., 1997) and DHSVM (Wigmosta et al. 1994 ). The VIC model is a macroscale model, meaning it is intended for application to relatively large distributed areas, typically ranging from 10,000 km 2 or so, up to continental and even global scales. A key underlying model assumption is that sub-grid scale variability (in vegetation, topography, soil properties, etc.) can be parameterized, rather than represented explicitly. We evaluated VIC model simulations over all of Washington (and over the entire PNW to evaluate streamflow in the lower Columbia basin), including the Yakima River basin, which covers 15,850 km 2 .
DHSVM is an explicitly distributed hydrology model, intended for application at much higher spatial resolution (and hence to smaller areas) than VIC. In this study, we applied DHSVM to relatively small rivers flowing to the Puget Sound basin at a 150 m spatial resolution. These watersheds range from 52 -1055 km 2 in area. Both VIC and DHSVM are described in more detail below.
Variable Infiltration Capacity (VIC) Model
The VIC model (Liang et al., 1994; Liang et al., 1996; Nijssen et al., 1997) has been used to assess the impact of climate change on U.S. hydrology in a number of previous studies. Hamlet and Lettenmaier (1999) studied the implications of GCM projections from the second IPCC assessment (1995) over the Columbia River Basin. Following the third IPCC Assessment Report (2001), Payne et al. (2004) studied climate change effects on the Columbia River Basin, Christensen et al. (2004) studied effects on the Colorado River, and Van Rheenen et al. (2004) studied effects on California. Similarly, recent studies by Vicuna et al. (2007) and Maurer (2007) analyzed the effects of IPCC AR4 projections on hydrologic systems in California, Christensen and Lettenmaier (2007) on the Colorado River basin, and Hayhoe et al. (2007) on the northeastern U.S., all using the VIC model. Although predictions of winter precipitation changes over the PNW have differed somewhat among recent IPCC reports (the 1995 report suggests an increase, whereas the 2001 report indicates only modest changes), warmer temperatures in all previous assessments have led to projections of reduced snowpack, and hence a transition from spring to winter runoff (Hamlet and Lettenmaier, 1999; Payne et al., 2004) . Other impacts common to previous studies of hydrological impacts of climate change in the PNW include earlier spring peak flow and lower summer flows.
In this paper, we used GCM simulations archived for the IPCC AR4 and increased the spatial resolution of the hydrological model over the PNW from 1/8 th degree (used in all previous studies cited above) to 1/16 th degree. An historical input data set including daily precipitation, maximum and minimum daily temperature, and windspeed was developed for this study at 1/16 th degree spatial resolution and its unique features are described in section 2.2.1. Model calibration at routed streamflow locations included use of initial parameters for the 1/8 th degree VIC model (Matheussen et al., 2000) , transferred to the 1/16 th degree model. These parameters were evaluated at 1/16 th resolution at two calibration locations (Table 1a) . Further calibration was performed over the Yakima River basin. Model calibration and validation statistics for the VIC model used in this study are provided in Table 1a and include relative error in mean annual streamflow and Nash Sutcliffe efficiencies. A well calibrated model typically yields a relative error less than 10% and a Nash Sutcliffe efficiency higher than 0.7 (Liang et al., 1996; Nijssen et al., 1997) . Calibration and validation periods were chosen to include a range of streamflow conditions with which to test model performance. Other parameters (e.g. simulated SWE or soil moisture) were not used to further constrain model parameters. However, previous studies comparing VIC simulated SWE with observations (Andreadis et al., 2009 in review) and soil moisture with observations , indicate that the model successfully simulates grid level processes. In addition to increasing the VIC model resolution for this study, the number of GCMs from which the ensembles are formed was increased substantially relative to previous studies.
We also adapted the model to allow output of potential evapotranspiration (PET) for each model grid cell. PET is the amount of water that would be transpired by vegetation, provided unlimited water supply, and is often used as a reference value of land surface water stress in characterizations of climate interactions with forest processes (e.g., Littell et al., 2009, this report) . PET is calculated in the VIC model using the Penman-Montieth approach (Liang et al., 1996) and the user may choose to output PET of natural vegetation, open water PET, as well as PET of certain reference agricultural crops.
Distributed Hydrology Soil Vegetation Model (DHSVM)
DHSVM was originally designed for application to mountainous forested watersheds, and includes explicit representations of the effects of forest vegetation on the water cycle, in particular the role of vegetation as it intercepts liquid and solid precipitation, and on snow accumulation and ablation under forest canopies. Early applications of the model addressed how forest harvest affected flood frequency in the PNW (Bowling, 2000, La Marche and Bowling et al., 2001) . The model represents runoff primarily via the saturation excess mechanism and explicitly represents the depth to water table at each model pixel, which has typically ranged from 10-200 m in past applications of the model (in our application to the Puget Sound basins, we used 150 m spatial resolution). Some DHSVM model parameterizations are similar to those in Topmodel (Beven and Kirkby, 1979) ; a key difference is the explicit, rather than statistical representation of downslope redistribution of moisture in the saturated zone. In addition to its representation of the water table and downslope redistribution of moisture, DHSVM represents the land surface energy balance (in a manner similar to VIC), unsaturated soil moisture movement, saturation overland flow, and snowmelt and accumulation. DHSVM simulates snow accumulation and ablation, using the same snow model used by VIC, which is described by Cherkauer et al. (2003) . In brief, it uses a two-layer snow algorithm, in which the top layer is used to solve an energy balance with the atmosphere, including effects of vegetation cover, while the bottom layer is used as storage to simulate deeper snowpack.
Using a 150 m resolution digital elevation model (DEM) as a base map (US Department of Interior/US Geological Survey, http://seamless.usgs. gov), DHSVM explicitly accounts for soil and vegetation types and stream channel network and morphology. Wigmosta et al. (1994; provide a detailed description of the model. The model also uses a soil class map based on the STATSGO soil map produced by the U.S. Department of Agriculture. The land cover map was derived from Alberti, et al. (2004) . The model is forced by climate inputs including precipitation and temperature, (at daily or shorter time steps), downward solar and longwave radiation, surface humidity, and wind speed. Using the historical 16 th degree dataset developed for the VIC model (described below) and procedures developed by Nijssen et al. (2001) , daily forcings were disaggregated to 3-hour Yakima (12505000) Calibration period (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) Validation period (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) 132.8 142.8 7 0.71 0.65
Columbia (14105700) Calibration period (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) Validation period (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) 5132 5375 4.5 0.85 0.83 Table 1a . Summary statistics of model calibration and validation for the Variable Infiltration Capacity (VIC) model in units of cubic meters per second (cms). The relative error is defined as the ratio of the difference between mean annual simulated flow (sim.) and mean annual observed natural flow (nat.) to the mean annual observed natural flow. The Nash Sutcliffe efficiency is a coefficient which is commonly used to define hydrologic predictive power, where a coefficient of one is a perfect match between simulated and observed natural flow.
intervals as described in detail by Cuo et al. (2008b) , who applied DHSVM to the entire Puget Sound basin. Model calibration and validation statistics for the DHSVM used in this study are provided in Table 1b . Similar to VIC, a well calibrated DHSVM model typically yields a relative error less than 10% and a Nash Sutcliffe efficiency higher than 0.7 (Wigmosta et al., 1994; Leung et al.,1996) . Calibration and validation periods were chosen to include a range of streamflow conditions with which to test model performance.
Model Input Variables

Historical Inputs
Both VIC and DHSVM require as forcing variables precipitation (Prcp) and temperature at a sub-daily time step, as well as downward solar and longwave radiation, surface wind, and vapor pressure deficit. All simulations described in this paper are based on a 1/16 th degree spatial resolution data set of daily historical Prcp and daily temperature maxima and minima (Tmax, Tmin) developed from observations following methods described in Maurer et al. (2002) and , adapted as described below. Variables other than daily precipitation and temperature maxima and minima are derived from the daily temperature range or mean temperature following methods outlined in Maurer et al. (2002) 
Snohomish (12141300)
Calibration period (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) Validation period (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) 35.5 36.1 2 0.50 0.79 0.75
Cedar (12115000)
Calibration period (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) Validation period (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) 6.85 6.18 -10 0.61 0.81 0.81
Green (12104500)
Calibration Period (1973 -1983 ) Validation Period (1983 -1993 9.79 9.76 0 0.54 0.72 0.71
Tolt (12147600)
Calibration period (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) Validation period (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) 1.52 1.39 -9 0.45 0.70 0.75 Table 1b . Summary statistics of model calibration and validation for the Distributed Hydrology Soil and Vegetation Model (DHSVM) in units of cubic meters per second (cms). The relative error is defined as the ratio of the difference between mean annual simulated flow (sim.) and mean annual observed natural flow (nat.) to the mean annual observed natural flow. The Nash Sutcliffe efficiency is a coefficient which is commonly used to define hydrologic predictive power, where a coefficient of one is a perfect match between simulated and observed natural flow.
products (Kalanay et al., 1996) . For years prior to 1949, daily wind speed climatology was derived from the 1949-2006 reanalysis.
We used the National Climatic Data Center Cooperative Observer (CoOp) network and Environment Canada (EC) daily station data as the primary sources for precipitation and temperature values. We used a method described by that corrects for temporal inhomogeneities in the raw gridded data using a set of temporally consistent and quality controlled index stations from the U.S. Historical Climatology Network (HCN) and the Adjusted Historical Canadian Climate Database (AHCCD) data. This approach assures that no spurious trends are introduced into the gridded historical data as a result of inclusion of stations with records shorter than the length of the gridded data set. The data are adjusted for orographic effects using the PRISM (Daly et al., 1994; ) climatology (1971 following methods outlined in Maurer et al. (2002) .
Daily station data from 1915 to 2006 were processed as in , but using only Co-Op, EC, HCN, and AHCCD stations within a 100 km buffer of the domain. Quality control flags included in the raw Co-Op data set for each recorded value were used to ensure accuracy and to temporally redistribute "accumulated" Prcp values.
We used the Symap algorithm (Sheppard, 1984; as per Maurer et al., 2002) to interpolate Co-Op/EC station data to a 1/16 th degree.
We then adjusted the daily Prcp, Tmax, and Tmin values for topographic influences by scaling the monthly means to match the monthly PRISM climate normals from 1970-2000. In the temperature rescaling method used for this study, Tmax and Tmin were adjusted by the same amount to avoid introducing a bias into daily mean temperatures and the daily temperature range. First, the average of the Tmax and Tmin values were computed for each of the monthly PRISM and monthly mean Co-Op time series. The difference between these values was applied as an offset to the average of the daily Tmax and Tmin in the appropriate month, thereby explicitly preserving the daily temperature range. For days where Tmin exceeds Tmax due to interpolation errors in the initial regridding step, we offset the average of these inverted Tmax and Tmin values and applied a climatological daily range from PRISM Tmax and Tmin.
Regional Climate Change Projections
As part of the IPCC AR4, results from a common set of simulations of 21 st century climate were archived from 21 global climate models (GCM) (Mote and Salathé 2009 , this report), using greenhouse gas emissions scenarios as summarized in the IPCC's Special Report on Emissions Scenarios (SRES) (Nakićenović, 2000) . Simulations were archived predominantly for three SRES emissions scenarios (A1B, B1, and A2) for most of the 21 GCMs, with A2 following the highest trajectory for future CO2 emissions at the end of the 21 st century. We focus on A1B and B1 emission scenarios because these were simulated by the most GCMs and our study focuses on mid-century change, at which point none of the scenarios is consistently the highest. Following Mote and Salathé (2009, this report) , we used output from 20 of the GCMs for which monthly gridded precipitation, temperature, and other variables were archived for SRES emissions scenario A1B, and 19 for which the same variables were archived for emissions scenario B1. Mote and Salathé (2009, this report) summarize the GCM predictions of 21 st century precipitation and temperature over the Pacific Northwest, and evaluate performance of the GCMs in reconstructing 20 th century climate. The spatial resolution of the 20 models varies, but is generally about three degrees latitude by longitude; therefore, we downscaled the climate model output to the spatial resolution of a regional hydrology model as described below.
Downscaling Procedures
In general, the GCM output is at too coarse a spatial resolution to be meaningful for hydrological studies. Therefore, we downscaled the GCM output to 1/16 th degree spatial resolution and applied a delta method approach to develop climate change scenarios with which to evaluate impacts (see e.g. Hamlet and Lettenmaier, 1999; Snover et al., 2003) . In the delta method, projected changes in precipitation and temperature, as determined by GCM simulations, are applied to the historical record at the resolution of hydrologic models. We used regional projected monthly changes derived from a total of 39 climate ensembles (described in Section 2.2.2). We performed hydrologic simulations using the historical record perturbed by these monthly changes and then evaluated impacts of climate change on a number of hydrologic variables.
There are three previously established ways to develop climate change scenarios based on GCM output and may be used in off-line hydrologic simulations. As noted above, the delta method simply applies changes in temperature and precipitation from the GCM to historical inputs or inputs derived from historical data, which in turn are used to force the hydrological model in the same way that simulations using historical forcings are performed. This approach was used by Hamlet and Lettenmaier (1999) . The second approach uses transient projections of future climate from GCMs statistically downscaled to the spatial resolution of the watershed model and from a monthly to daily time step. This approach was used by Christensen et al., 2004 and in the Colorado River basin, Van Rheenen et al. (2004) , Maurer and Duffy (2005) in the Sacramento and San Joaquin basins of California, Payne et al. (2004) in the Columbia River basin, and Hayhoe et al. (2007) over the northeastern U.S. All of these studies followed the bias correction and statistical downscaling (BCSD) approach described by Salathé et al. 2007 , and Wood et al. (2002) . The third approach is to utilize regional climate model simulations constrained by GCMs to drive hydrologic models. Significant resources are required to implement this approach, which have limited its use.
The advantage of the BCSD approach is that it makes direct use of transient climate change scenarios and, therefore, incorporates projected changes in climate variability. There are, however, some key assumptions in the spatial and temporal downscaling that can complicate interpretation of results at sub-monthly (e.g., daily or weekly) time steps. In addition, evaluation of transient scenarios is complicated by the stochastic element of the transient climate variability. Full analysis of this effect requires a large number of ensemble members; however, most GCMs archive only a single transient run, and even for those that archive multiple ensembles, the number is generally quite small. The primary advantage of the delta method approach is that it provides realistic temporal sequencing associated with the historic record, while avoiding bias in the GCM simulations. Another advantage is that climate change impacts may be evaluated in the context of historical events. However, the primary disadvantage is that we do not incorporate projected changes in climate variability by the GCMs into the hydrologic simulations. The delta method approach is arguably more appropriate for this study to evaluate water resource system performance at a sub-monthly timestep in a changing climate, as reported in companion papers by Hamlet et al. 2009 (this report) and Vano et al. 2008a; b (this report) .
We performed hydrologic simulations to evaluate the impacts of climate change on statewide hydrology in the 2020s, 2040s and 2080s. The delta values represent monthly average changes for each future period over the whole PNW and were applied to Washington. The PNW is arguably the smallest area that the GCMs are able to resolve and, therefore, potential differences in rates of climate change across the State are not incorporated. Each future period represents a 30-year average of projected climate, for instance, the 2020s are represented by the 30-year average climate between 2010 and 2039. Likewise for the 2040s and 2080s, these represent the average climate over 30-year periods 2030-2059 and 2070-2099, respectively. Six composite scenarios were formed following methods outlined by Mote and Salathé, 2009 (this report) . In particular, for each 30-year time period and each month, we computed domain-average precipitation and temperature changes. Unlike Mote and Salathe (2009, this issue), we assume equal weighting of each climate change scenario for this study because, as similarly found by Brekke et al. (2004) , the weighting of scenarios is largely dependent on the criteria used. In accordance with the delta method approach, we perturbed the entire spatially gridded record of observed historical daily precipitation and temperature by the projected change for the corresponding month (12 values for each of precipitation and temperature), for each of the three future periods.
In addition to performing hydrology simulations over the Washington using composite scenarios, we also performed simulations using 39 individual scenarios of 2020s climate over focus watersheds of the Yakima River basin and the Puget Sound for each of the GCMs. These focus watersheds are further described below.
Focus Watersheds
We evaluated in more detail the impacts of projected future climate change on the hydrology of three key areas: The Puget Sound drainage basin, the Yakima River basin, and the Columbia River basin. The three focus regions are shown in Figure 1 .
The Columbia River basin is one of our focus basins because it drains the eastern 2/3 of the state, as well as much of Idaho, part of British Columbia, and 2/3 of Oregon. In addition, roughly 70 percent of the electrical energy consumption within the State of Washington is derived from hydropower, most of which comes from the Columbia River (Bonneville Power Administration 1994). Detailed analysis of impacts on the Columbia River in the context of hydropower production are presented in a companion paper, Hamlet et al. (2009, this report) .
The Puget Sound basin is bounded to the east by the Cascades and to the west by the Olympic Mountains, and covers an area of approximately 30,000 km 2 . Its elevation ranges from sea level to 4,400 m. Substantial winter snowfall occurs at high elevations, but rarely in the lowlands. Annual precipitation ranges from 600 to over 3,000 mm, depending on elevation, most of which falls from October to March. The watersheds that make up the Puget Sound basin are generally characterized as transient. The Puget Sound basin includes more than 69% of the State's population (based on 2000 census). Quantification of the region's future water supply is therefore critical to the region's future growth and ecosystem conservation. We focus here on four Puget Sound watersheds that are managed primarily for water supply: the Cedar River basin, Green River basin, Tolt River basin, and Sultan River basin (Figure 1) . In a companion paper (Vano et al., 2008a , this report), we use the hydrological sequences described herein as input to reservoir simulation models. In this paper, we limit our attention to the hydrological projections.
The Yakima River, which drains east through an arid lowland area, supplies water to over 180,000 irrigated hectares (450,000 acres). Agriculture in the Yakima River basin has changed over time. Land used to grow annual crops (e.g. wheat) has decreased, while that used to grow perennial crops including apples and grapes has increased. This shift toward perennial crops has increased dependence by agricultural producers on reliable water supplies (EES, Inc. 2003). Vano et al. (2008b) use the hydrological sequences described herein in conjunction with a reservoir simulation model of the Yakima River basin to evaluate potential climate change impacts on agricultural production in the basin.
Model Sensitivities to Changes in Climate
By the 2040s, future regional temperatures are projected to be out of the range of historic variability (Mote at Salathé 2009, this report) . Further, we lack observations to evaluate the sensitivity of hydrologic models to projected changes in climate, which makes evaluating confidence in predicting impacts difficult. The need for "validation" of hydrological models is widely accepted in the hydrological literature, and it is usually performed by using split sample methods first to estimate model parameters, and then to evaluate model performance (see e.g. Refsgaard and Storm, 1996) . However, a similar structure for evaluation of model sensitivities, such as how much runoff will change for a given amount of warming, is often lacking. Dooge (1992) suggested a framework for assessing hydrological sensitivity to climate change, via what is referred to as elasticity, or the fractional change in runoff compared to the fractional change in precipitation (precipitation elasticity) or potential evapotranspiration (PET elasticity). Here we focus on precipitation elasticity, which can be evaluated, on an annual basis, from historical observations of streamflow (or runoff) and precipitation. Simulated runoff may be used as a surrogate for streamflow in calculation of elasticity because, on an annual basis, the difference introduced by the time lag of streamflow routing is negligible. Previous studies show that precipitation elasticities performed on the same watershed using different hydrologic models can lead to different results. For example, the results from Nash and Gleick (1991) and Schaake (1990) Sankarasubramanian et al. (2001) suggested a non-parametric, robust, and unbiased elasticity estimator which summarizes sensitivity of streamflow to changes in precipitation, which yields similar results for a wide range of hydrologic model structures. Their estimator of the streamflow elasticity to precipitation is:
( 1) where Q t and P t are annual streamflow and precipitation, respectively, and and are the long-term mean annual streamflow and precipitation.
A result of the Sankarasubramanian et al. (2001) work was a contour map for the continental U.S. of (annual) streamflow elasticities to precipitation. The map shows streamflow elasticities in the range 1.0-2.0 for much of Washington State. In other words, a given fractional change in precipitation would result in a one-to two-fold fractional increase in streamflow. Using eq. 1, we evaluated observed and simulated runoff elasticities to precipitation for 6 locations within the Yakima watershed and 6 in the Puget Sound basin. These locations are noted in Figure 1 (overview map) and are defined in Table 1 . Elasticities for the Yakima River watersheds were calculated using results from the VIC model, while elasticities for the Puget Sound were calculated using the DHSVM model.
Analysis of temperature sensitivities is slightly more complicated. In the Dooge (1992) formulation, streamflow elasticities to precipitation and potential evaporation are described and these are used as a measure of model sensitivity. However, potential evaporation is a computed, rather than observed, quantity. In general, it depends on net radiation, vapor pressure deficit, wind, and land surface properties such as roughness length. Several of these quantities are temperature dependent. Furthermore, hydrological sensitivities to temperature are generally much more subtle than to precipitation, and they are difficult to estimate from observations because precipitation effects dominate the results. Instead, we computed runoff sensitivity to temperature in two ways. The first is a fixed temperature increase, in which both daily maximum and minimum temperature were increased by 1°C. In the Maurer et al. (2002) formulation of land surface forcing variables, downward solar radiation is indexed to the daily temperature range, hence for the same increase in Tmin and Tmax, downward solar radiation is constant (however, net longwave radiation, as well as vapor pressure deficit, both change). Such a fixed temperature increase was used to develop delta method scenarios in this study.
The second computation also changes the daily average temperature by 1°C, but leaves Tmin unchanged, while increasing Tmax by 2°C. This has the effect of increasing downward solar radiation, but leaving the dew point (which is directly related to the daily minimum temperature in the model) unchanged. Meehl et al. (2007) summarizes projected changes in the global diurnal temperature range (i.e. difference between Tmax and Tmin). Although this range is expected to change over parts of the globe, there is no consensus among GCMs over the direction of change for the Pacific Northwest. Therefore, we decided that it is most appropriate to apply the delta method approach using fixed change in Tmax and Tmin.
We analyzed precipitation elasticity and temperature sensitivities for six locations in the Yakima River basin, which correspond to the five basin reservoir locations, in addition to the Yakima River at Parker (USGS ID 12505000), which is a key reference station for water management in the basin. Observed and simulated precipitation elasticities calculated from the historical record for these sites are in close agreement and are summarized in Table 3 . They range from 1.08 to 1.42 in the Yakima watershed. A 10% increase in precipitation causes an increase in runoff of a factor of 1.59 for the entire basin (at Parker) to 1.87 for Bumping Lake, which has a small contributing area (184 km 2 ) and is at a relatively high elevation (1,030 m). An average daily temperature increase of 1°C, applied by increasing both minimum and maximum temperature (downward solar radiation unchanged), reduces basin runoff by approximately 2.45 (Rimrock) to 5.77% (Bumping Lake) (refer to Table 2 , Temperature Sensitivity a). Alternatively, the same average daily increase, by altering maximum temperature only (constant dew point), reduces runoff by 5.15% (Parker) to 9.81% (Bumping Lake) (refer to Table 2, Temperature Sensitivity b).
In the Puget Sound basin, we analyzed six catchments including the Cedar River at Renton, (Cedar E), the Cedar River near Cedar Falls (Cedar A), Green River near Auburn (Green C), the Green River above Howard Hanson Dam (Green A), the Sultan River (Sultan A) and the South Fork Tolt River near Index (Tolt A) (see Figure 1 for locations). These points are generally located near water supply reservoirs. Precipitation elasticity of observed and simulated historical periods at the six sites are in agreement (See Table 2 ) with values ranging from 1.0 -1.4. An increase in precipitation of 10% for the same simulated watersheds (with temperature remaining unchanged) causes an increase in runoff by a factor of 1.17 to 1.63 in the Puget Sound basin. An average temperature increase of 1°C, by increasing both maximum and minimum temperature by 1°C (see Table 3 , Temperature Sensitivity a), results in approximately a 0.7-2.4% decrease in the Puget Sound basin streamflows. The same average increase in daily temperature applied by increasing the maximum temperature by 2°C and leaving the minimum temperature unchanged (see Table 3 , Temperature Sensitivity b) results in decreases in runoff by 1.5-5.6%.
Runoff sensitivity to temperature change is expected to be higher when only Tmax is increased as compared with increasing both the Tmax and Tmin. This is expected because the algorithm used to estimate downward solar radiation is based on the daily temperature range, and therefore downward solar radiation, remains constant when both the maximum and minimum temperature are increased. As a result, the change in net radiation is generally smaller than when the minimum temperature is left unchanged. The basis for different precipitation elasticities and temperature sensitivities across sites is less clear. Elasticities are generally higher for Yakima River basin sites than for Puget Sound sites, but it is not entirely clear whether these differences are related to watershed characteristics or to potentially different sensitivities of the two hydrologic models. Precipitation and temperature sensitivities calculated above are based on annual changes and runoff responses will vary depending on the seasonality of change. Table 3 . Summary of precipitation elasticity and temperature sensitivity at analysis locations. Precipitation elasticity is defined as the ratio of the fractional change in runoff to the fractional change in precipitation. Temperature sensitivities are defined as the percent change in runoff per 1°C of warming. Temperature sensitivity (a) considers increased daily minimum and maximum temperature, while temperature sensitivity (b) considers increased daily maximum temperature.
Results and Discussion
Projections of 21 st century climate of the PNW summarized in Mote and Salathé (2009, this report) indicate that temperatures will increase an average of 0.3°C (0.5°F) per decade. Changes in annual mean precipitation are projected to be modest, with a projected increase of 1% by the 2020s and 2% by the 2040s. However, the range of projected precipitation shows a decrease of almost 11% to an increase of almost 20% by the 2080s, underscoring the uncertainty in projections of future precipitation. Projected temperature increases, along with changes in seasonal precipitation have important implications for hydrologic variables across Washington. In this section we summarize impacts of projected changes in climate on a state level, as well as the Columbia River watershed, and then provide a more focused evaluation of watersheds within the Puget Sound and Yakima drainage basins.
Statewide Climate Change Impacts
Implications of Changes in April 1 Snow Water Equivalent
Many past studies demonstrated that changes in snowpack are a primary impact pathway associated with regional warming in the PNW (Lettenmaier et al., 1999; Hamlet and Lettenmaier, 1999; Snover et al., 2003) . Changes in snowpack are affected by both precipitation and temperature, although in the 20 th century, temperature has been the more important driver Mote, 2006; Mote and Salathé, 2009 , this report), particularly in relatively warm areas such as the Cascades. SWE on April 1 is an important metric for evaluating snowpack changes because in the PNW, the water stored in the snowpack on April 1 is strongly correlated with summer water supply. Figure 5 shows projected changes in April 1 SWE for the 2020s, 2040s, and 2080s for the composite A1B and B1 climate conditions, as simulated using the VIC model. Results from these hydrologic simulations are consistent with previous studies, such as the climate impacts study conducted for King County, Washington, which projected a decrease in snowpack over the 21 st century (Casola et al. 2005) . Generally, results using the B1 emissions scenario project less significant impacts than those using the A1B scenario. Based on composite scenarios for the B1 and A1B scenarios respectively, April 1 SWE is projected to decrease by 27 to 29% across the state by the 2020s, 37 to 44% by the 2040s and 53 to 65% by the 2080s.
Changes in SWE vary by elevation, as Figure 5 suggests. We summarized these changes over three bands of elevation, specifically elevations below 1,000 meters, between 1,000 and 2,000 meters, and above 2,000 meters (see Table 4 ). The results show that the lowest elevations will experience the largest decreases in snowpack, with reductions for B1 and A1B emissions scenarios, respectively, of 36 to 37% by the 2020s to 62 to 71% by the 2080s. The reduction of snowpack in the regions of highest elevation is projected to be less significant.
Projected changes in snowpack are directly correlated with temperature. The greatest sensitivity of snowpack to warming is at temperatures near freezing. Locations with a warmer mean historical winter temperature (defined as December through February) are projected to experience the greatest reduction of snowpack, while locations with cooler winter temperatures are projected to experience more modest reductions ( Figure  6 ). Projections using the A1B emissions scenario generally show greater reductions in snowpack than those using the B1 scenario, especially for the 2080s simulations
Implications of Changes in July 1 Soil Moisture
Vegetation and dry land agriculture rely heavily on soil moisture, in addition to precipitation, particularly in the arid region of the state (east of the Cascades in the Columbia River basin) where summer precipitation is low. Soil moisture in snow dominated watersheds (like the Columbia River basin overall) tends to peak in spring or early summer, in response to melting mountain snowpack. In the summer, lower precipitation (along with clearer and longer days) and increased vegetative activity cause depletion of soil moisture, resulting in minimum soil moisture values in September.
Simulated soil moisture by hydrologic models is strongly determined by 
1,000 m -1,999 m (3,280 ft -6,558 ft) -27% -25% -42% -34% -63% -51%
>= 2,000 m (>= 6,558 ft) -17% -15% -29% -23% -54% -39%
Overall -29 -27% -44% -37% -65% -53% Table 4 . Projected changes (%) in April 1 snow water equivalent (SWE) according to elevation using delta method composite climate change scenarios (30-year average changes not weighted) for the 2020s, 2040s, and 2080s.
model assumptions (Liang et al., 1998) , but when expressed as percentiles, many of these differences are removed (Wang, 2008) . For this reason, we present projected soil moisture changes across the state as percentiles of simulated historic mean soil moisture , where a projected decrease in soil moisture is represented by percentiles less than 50 and a projected increase is represented by percentiles greater than 50. Specifically, we summarize projections of July 1 soil moisture from the VIC model, as this is the typical period of peak soil moisture which is critical for water supply in the State's arid regions.
Projections of July 1 total soil moisture change for the composite A1B and B1 scenarios are modest but generally show decreases across the State. Projected decreases are greater for A1B scenario simulations compared with B1 simulations. For the three future periods, soil moisture is projected to be in the 38th to 43rd percentile (A1B and B1, respectively) by the 2020s, 35th to 40th percentile by the 2040s, and 32nd to 35th percentile by the 2080s, with 50% being equal to mean historical values. However, projected soil moisture changes vary on either side of the Cascade Mountains. In the mountains and coastal drainages west of the Cascades, warming of the climate tends to enhance soil drying in the summer and, in combination with reduced winter snowpack and earlier snowmelt, causes decreases in summer soil moisture (Figure 7) . East of the Cascades, summer soil moisture is primarily driven by recharge of snowmelt water into the deep soil layers. Increased snowpack at the highest elevations in some parts of the Cascades (tied to projected increases in winter precipitation) and subsequently increased snowmelt, are likely to cause greater overall infiltration. Similar trends east and west of the Cascades were found in the study of PNW regional climate change impacts (Casola et al., 2005) .
Implications of Changes in Mean Annual Runoff and Streamflow
As noted by Mote and Salathé (2009, this report) , there is a wide range in projections of future precipitation across GCMs and SRES emissions scenarios. Across the 39 scenarios considered in this study (20 GCMs and 2 SRES emissions scenarios for all but one GCM), projected annual precipitation changes over the PNW range from -9% to +12% for the 2020s, -11% to +12% for the 2040s, and -10% to +20% for the 2080s, with modest increases projected for the composite scenarios for A1B and B1 (Table 5) . Although projected increases of annual precipitation are modest, projections of seasonal precipitation change indicate increased winter precipitation and decreased summer precipitation (Tables 6 and 7) . With 75 % of the annual precipitation falling between October and March (Snover and Miles, in review), cool season precipitation is the primary driver of hydrologic processes in Washington and the PNW. Projections of cool season precipitation for the composite B1 and A1B scenarios, respectively, range from +2.3% to +3.3% for the 2020s, +3.9% to 5.4% for the 2040s, and +6.4% to +9.6% for the 2080s (Table 6 ). Table 5 summarizes the composite projected changes in annual precipitation and corresponding state-wide changes in runoff simulated by the VIC model. The importance of cool season precipitation to the state's runoff is evident: even with increased temperatures and modest, as opposed to significant, annual precipitation increases (and in the case of the 2020s for emissions scenario A1B, a slight decrease in annual precipitation) runoff Table 6 . Summary of composite changes in cool season (October through March) precipitation and runoff across Washington using delta method composite climate change scenarios (30-year average changes not weighted) for the 2020s, 2040s, and 2080s for SRES A1B and B1 global emissions scenarios. Table 5 . Summary of composite changes in annual precipitation and runoff across Washington using delta method composite climate change scenarios (30-year average changes not weighted) for the 2020s, 2040s, and 2080s for SRES A1B and B1 global emissions scenarios.
increases in all cases. This contrasts with results for precipitation elasticity and temperature sensitivities (Table 3 ) to the extent that on an annual basis, the modest precipitation changes coupled with temperature increases should have led to runoff reductions. The reason this is not the case is that in the Table  3 experiments, precipitation changes are uniform over the year, whereas in the GCM output (at least for the composites), cool season precipitation, which is much more efficient than summer precipitation in terms of runoff production due to higher soil moisture storage and lower vegetative water demand, increases while summer precipitation decreases.
These results differ from the projected changes in runoff presented by Milly et al. (2005) , who summarized average changes in runoff over Water Resources Regions across the continental U.S. and Alaska, defined by the U.S. Water Resources Council for the period 2041-2060, relative to 1901-1970 . Their projections are based on output from 12 IPCC AR4 GCMs and the A1B SRES scenario, and showed slight decreases in runoff of 2-5% across the PNW. The 12 GCMs they used are a subset of the 21 (IPCC AR4) models used in this study. Milly et al. (2005) average over 24 ensembles from the 12 models (i.e. for some GCMs, multiple experiments were conducted on the same model); however, the number of ensembles was not the same for each GCM, which effectively weights some models more heavily than others. In addition, Milly et al. (2005) used land surface schemes embedded in the GCMs, which are at coarser resolution than the VIC model and do not resolve the topography of the PNW.
Projections of streamflow differ from those of runoff because runoff is a spatial quantity that is an integral part of the water balance at each hydrologic model grid cell and does not incorporate the time lag effects that contribute to streamflow. Runoff is useful for evaluating projected basin-wide changes as a direct effect of precipitation and snow storage or melt. Streamflow, however, is the culmination of hydrologic processes evaluated at a given location over time. Figure 8 shows projected mean hydrographs for the example rain-dominant, transient, and snow-dominant watersheds in Figure  4 . In the Chehalis River, projected changes to the mean hydrograph are minimal. Changes in the mean hydrograph at The Dalles are more apparent, including reduced peak flow in the late spring and early summer and increased cool season flow in connection with reduced snowpack. Changes in the Yakima watershed, a transient rain-snow watershed, are significant, indicating a shift to a characteristic rain-dominant watershed by the 2080s. Vano et al. (2009b, this report) describes the implications of this change on water management in the basin. and three future periods (2020s, 2040s, and 2080s) using the A1B SRES scenario.
Hydrologic Case Studies
We evaluated impacts of climate change on three focus regions, namely the Columbia River Basin, the Puget Sound, and the Yakima River basin. Because the Columbia River basin covers approximately 2/3 of Washington State, discussion of impacts in this region is incorporated into the discussion of statewide impacts above. The other two case study watersheds, the Puget Sound and Yakima River basin, are discussed here. They are both transient watersheds, meaning they are highly sensitive to climate change; however, they differ with respect to their climatic regime -precipitation is generally much higher in the Puget Sound basin than in the Yakima, particularly its lower reaches. As noted in Section 2.2, we used the high resolution DHSVM hydrologic model in the relatively small Puget Sound basins, and we used the VIC model in the Yakima.
Implications of Climate Change on Puget Sound Catchments
We examined SWE predictions in the headwaters of the Cedar, Sultan, Tolt, and Green river basins. Projected weekly time series of basin-averaged SWE in the four Puget Sound basins from the six composite scenarios described earlier for the 2020s, 2040s, and 2080s, as well as from all 39 ensemble scenarios for the 2020s, are summarized in Figure 12 . We summarize the ensemble projections through use of a gray swath which spans the range of results from the 39 ensembles. Weekly values are summarized according to water year, October to September. The figure shows reduction of SWE throughout the winter months, compared to historical simulations. Peak SWE is projected to shift in all watersheds from near week 26 (late March), which is the average historical peak, to near week 23 (early March) by the 2020s and 2040s to near week 20 (mid-February) by the 2080s.
Simulated streamflow at the reservoirs in the four basins shows a consistent shift in the hydrograph toward higher runoff in cool season and lower runoff in warm season ( Figure 13 ). The winter peaks become higher but summer peaks become lower in the 2020s, 2040s and 2080s compared to the historical simulation. Into the future, the double-peak hydrograph as simulated by the DHSVM. Watersheds are located in the overview map in Figure 9 (smallest watershed is Tolt; Sultan, the northernmost watershed is located in the upper left corner; Green watershed is the largest; and, the Cedar watershed is in the upper right corner). as simulated by the DHSVM. Watersheds are located in the overview map in Figure 9 (smallest watershed is Tolt; Sultan, the northernmost watershed is located in the upper left corner; Green watershed is the largest; and, the Cedar watershed is in the upper right corner). transforms into a single-peak hydrograph associated with increasingly rain-dominant behavior. The streamflow timing shift is mainly due to the less frequent snow occurrence, and faster and early snow melt in these historically snow-rain mixed watersheds.
To assess the extent climate change might impact the timing of flow, and thus annual reservoir storage, we compared the time of year at which half of the annual (water year) flow has passed (centroid of timing, see Stewart et al, 2005) . The centroid of timing (CT) values were computed from the 1917-2006 (water year) weekly average flows. The seasonal shift is visible in the CT values (Table 8) , which for the A1B emissions scenario and 2020s are about 2 weeks earlier for inflows into the Howard Hanson Reservoir on the Green River, 5 weeks earlier for Chester Morse Reservoir inflows on the Cedar River, and 3 weeks earlier for Spada Lake Reservoir on the Sultan River for the 2020s period. CT changes are smaller for B1 emissions scenarios. Given the small size (relative to mean annual inflow) of all three water supply systems, these shifts suggest that there will be increasing challenges in meeting water management objectives (Vano et al. 2009a , this report). 
Puget Sound Yakima Basin
Sultan
Implications of Climate Change on the Yakima Watershed
Projections of change in April 1 SWE over the Yakima River basin are summarized in Figure 14 and indicate that for A1B and B1 emissions scenarios, respectively, SWE will decrease by 31 to 34% by the 2020s, 43 to 53% by the 2040s and 65 to 80% by the 2080s. Changes in snowpack projected for the Yakima basin are higher than projected average changes over the State as a whole ( Figure 5 ). Weekly SWE was calculated for the Yakima watershed using results from the VIC model and are summarized in the bottom panel of Figure 12 . The bottom panel of Figure 12 shows historical and projected weekly SWE for the entire Yakima River watershed. The peak weekly SWE historically occurs near week 24 (mid-March). Projections of weekly SWE for the 2020s indicate that SWE will be reduced by an average of 39 to 41% according to A1B and B1 scenarios, respectively. The peak week is projected to shift earlier to near week 23 (early to mid-March). By the 2040s, SWE will be reduced by 50 to 58% (with a peak projected to occur near week 22, or early March), and by 67 to 80% by the 2080s (with a peak projected to occur near week 20, or mid-February).
We also summarized projections of weekly streamflow in the bottom panel of Figure 13 for the same suite of scenarios evaluated with respect to SWE. Peak streamflow historically occurs near week 34 (mid-May) in the Yakima River at the USGS gage at Parker. The suite of projections for the 2020s indicate that the peak streamflow will not shift significantly; however, increased streamflow in winter is expected. By the 2040s, the spring peak streamflow is projected to shift earlier near week 30 (mid-to late April) and a significant second peak flow is projected in the winter, which is characteristic of historically lower elevation transient watersheds. By the 2080s, a significant shift in the hydrologic characteristics of the watershed are projected, as the spring peak is lost and peak streamflow is projected to occur in the winter near week 20 (mid-February) which is more characteristic of rain dominant watersheds. Thus warming through the 21 st century will result in increasingly rain-dominant behavior in the Yakima basin. Similar to our analysis for the Puget Sound watersheds, we evaluated the shift in the CT of flow. CT values were computed from the 1917-2006 (water year) weekly average flows for the unregulated flow of the Yakima River at Parker, which provides a representation of naturalized flow throughout the basin. Historically, the CT occurs in mid-April (week 30). In the 2020s scenarios, the CTA seasonal shift is visible in the CT values, which for the A1B emissions scenario and 2020s is about 3 weeks earlier for both A1B and B1 scenarios. In the 2040s and 2080s for the A1B scenarios, flows shift by 6 and 9 weeks respectively. For the B1 scenarios, these shifts are 4 weeks earlier for the 2040s and 7 weeks for the 2080s. These results are summarized in Table 8 . These hydrologic changes will have important implications for irrigated agriculture in WA (Vano et al., 2009b , this report).
Conclusions and Recommendations
Climate change will impact Washington's hydrologic resources significantly over the next century. Sensitive areas, such as transient watersheds will experience substantial impacts by the 2020s. Annual runoff across the state is projected to increase by 0-2% by the 2020s, 2.2-2.7% by the 2040s, and 4.2-6.4% by the 2080s. These changes are primarily driven by projected increases in winter precipitation. April 1 SWE is projected to decrease by an average of approximately 27-29% across the state by the 2020s, 37-44% by the 2040s and 53-65% by the 2080s, based on composite changes in temperature and precipitation as summarized by Mote and Salathé (2008) . Soil moisture is projected to be in the 38th to 43rd percentile by the 2020s, 35th to 40th percentile by the 2040s, and 32nd to 35th percentile by the 2080s, with 50% being equal to mean historical values.
The effects of climate change on the urban water supply basins of Puget Sound and the agriculturally rich area of the Yakima basin will be significant. In the watersheds of the Puget Sound, which are characterized as transient rain-snow watersheds, snowpack is projected to decrease and seasonal streamflow is projected to shift from the characteristic doublepeak to a single-peak, characteristic of rain-dominant watersheds. By the 2080s, April 1 snowpack in the watersheds will be almost entirely absent.
Projections of weekly SWE over the Yakima basin indicate that it will decrease by an average of 39% by the 2020s, 50% by the 2040s, and 70% by the 2080s. The suite of projections for the 2020s indicate increased streamflow in winter but no significant change in the timing of the peak. Yet, by the 2040s, the spring peak streamflow is projected to shift toward a characteristic lower elevation transient watershed with two streamflow peaks (defined in Section 1). And by the 2080s, the streamflow regime will become rain dominant.
This study utilizes climate change projections from the full suite of 39 scenarios based on A1B and B1 SRES scenarios using a delta method approach. However, further refinement of the statistical downscaling of the transient daily climate change projections such that results from coupled hydrologic simulations are robust at sub-monthly time scales would be beneficial to evaluate the potential changes in the relative variability of temperature and precipitation and other related variables. The combination of spatial and temporal statistical downscaling can introduce unrealistic storm events in the future period. One possible method to eliminate this problem is to maintain the historic sequencing of daily variability in the transient scenarios through development of a hybrid delta method and BCSD approach. These climate change projections would provide a better understanding of the uncertainty of future climate and the variability of hydrologic processes. Barriers to widespread use of climate change projections in water resources studies include the availability of data and the knowledge to effectively and appropriately use this information for specific watershed studies. The ability to educate the public about the implications of climate change is crucial, as our climate system is nonstationary and we can no longer rely on historical information alone to plan for the future.
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